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Abstract Catchment hydrometeorology and the organization of shallow subsurface ﬂow are key drivers
of active contributing areas and streamﬂow generation. However, understanding how the climatic water
balance and complex topography contribute to these processes from hillslope to catchment scales remains
difﬁcult. We compared time series of vapor pressure deﬁcits and soil moisture to the climatic water balance
and topographic variables across six zero‐order catchments in the Lubrecht Experimental Forest (Montana,
USA). We then evaluated how local hydrometeorology (volumetric water content and atmospheric vapor
pressure deﬁcit) affected the spatial occurrence of shallow subsurface ﬂow. Generalized linear mixed model
analysis revealed signiﬁcant, temporally stable (monthly and seasonal average) patterns of
hydrometeorology that can be predicted by the topographic wetness index and the dynamic climatic water
deﬁcit (CWD = potential evapotranspiration − actual evapotranspiration). Intracatchment patterns were
signiﬁcantly correlated to the topographic wetness index, while intercatchment patterns were correlated to
spatiotemporal variance in the CWD during each time period. Spatial patterns of shallow subsurface ﬂow
were related to the hydrometeorological conditions of the site. We observed persistent shallow subsurface
ﬂow in convergent hillslope positions, except when a catchment was positioned in locations with high
CWDs (low elevations and southerly aspects). Alternatively, we observed persistent subsurface ﬂow across
all hillslope positions (even 70‐m upslope from the hollow) when catchments were positioned in locations
with especially low CWDs (northerly aspects and high elevations). These results highlight the importance of
considering the superposition of the catchment‐scale climatic water balance and hillslope‐scale topography
when characterizing hydrometeorology and shallow subsurface ﬂow dynamics.
1. Introduction
The dominant controls on spatial patterns of moisture in the near‐surface atmosphere and shallow
subsurface remain poorly characterized across catchment gradients in topography and the climatic water
balance. Catchments are dynamic systems, which store, transmit, and release water, but do so in spatially
and temporally heterogeneous ways (McDonnell et al., 2007; Troch et al., 2009). This dynamic response is
often related to the spatial distribution of moisture across topographic gradients and stochastic variability
(frequency and intensity) of precipitation and energy availability that lead to shallow subsurface ﬂow
(SSF) generation (Castillo et al., 2003; Dunne & Black, 1970; Freeze, 1972; Jencso et al., 2009;
Montgomery & Dietrich, 2002; Penna et al., 2011; Zhang et al., 2011).
Hydrologic ﬂuxes occur both within and across the soil matrix‐atmosphere continuum, intrinsically linking
the two moisture reservoirs (Brubaker & Entekhabi, 1994; Castelli et al., 1996; Delworth & Manabe, 1989;
Entekhabi et al., 1992; Entekhabi et al., 1996; Ford et al., 2015; Maxwell et al., 2007; Vivoni et al., 2007).
Therefore, the moisture availability in the atmosphere and the subsurface both contribute to the average
moisture states within hillslopes and across the catchments they compose. Moisture availability is driven
by regional climatic processes, which are subsequently mediated by topographic gradients at various spatial
and temporal scales (Carey &Woo, 2001; Maneta & Silverman, 2013; Western et al., 2004). At the catchment
scale, spatially heterogeneous partitioning of climatic inputs (water and energy) is strongly inﬂuenced by
topography (Chen & Kumar, 2001; Thornthwaite, 1948): gradients in orographic precipitation (Jiang,
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2003; Roe, 2005) and differences in radiation on contrasting slope aspects (Bennie et al., 2008; Budyko, 1969;
Fu & Rich, 2002; Oliphant et al., 2003; Shevenell, 1999). These processes drive highly complex interactions
between moisture availability and net radiation, determining the partitioning of latent and sensible energy
ﬂuxes, as well as moisture transport to the subsurface across the landscape (i.e., the climatic water balance).
Climate inputs of energy and water can be further modiﬁed by hillslope topography and result in the devel-
opment of microclimates across mountainous terrain (varying at scales of <1 to tens of meters).
Microclimates are the ﬁne‐scale environmental conditions, which occur in localized areas close to the
soil‐atmosphere interface (Chen et al., 1999). Radiative and atmospheric processes that interact with topo-
graphic gradients at the hillslope scale can strongly inﬂuence microclimates. For example, the expansion
of thermal energy gradients (Minder et al., 2010; Rolland, 2003), development of cold air drainage
(Clements et al., 2003; Yoshino, 1984), and deﬂection of wind (Ruel et al., 1998) alter the water holding capa-
city of the air, and therefore vapor content, of the near surface atmosphere. These processes result in atmo-
spheric microclimates that are often unique to hillslope position (e.g., convergent hillslope hollows versus
sideslopes and ridgelines) and thereby alter evapotranspiration and depletion of the soil moisture reservoir.
Watershed hydrologists have long used surface topography to describe the movement of water in the subsur-
face in regions of considerable topographic complexity (e.g., Moore et al., 1991). This assumption is based
upon the profound effect of gravity on soil water potential gradients (Dingman, 2015). Subsurface potential
gradients associated with gravity in turn contribute to the dynamics of hillslope scale lateral ﬂow (Weyman,
1973), which can be responsible for spatial patterns in soil moisture content (Grayson et al., 1997, Western
et al., 1999, Western et al., 2004; but see Tromp‐van Meerveld & McDonnell, 2005). However, the rate of
water movement in the subsurface is highly dependent on the water content of the soil (due to highly non-
linear relationships between soil water content and hydraulic conductivity; Campbell & Norman, 2012),
which varies widely across catchments. Despite this, SSF is a dominant hydrologic process that is responsible
for considerable transport of water from hillslopes to streams (Jencso et al., 2009; Jencso & McGlynn, 2011;
McGuire & McDonnell, 2010; Tromp‐van Meerveld et al., 2015).
Although processes associated with the climatic water balance and topographic gradients are critical to
understand the spatial patterns of moisture and subsurface ﬂow across catchments (Ali et al., 2014;
McGuire et al., 2005; Nippgen et al., 2015; Woods, 2003), there is a lack of ﬁeld‐based studies that investigate
how these processes interact across space and time from plots to entire catchments. A strong correlation
between topography, soil moisture, and SSF has been identiﬁed across hillslopes (Anderson & Burt, 1978;
Beven & Kirkby, 1979; Burt & Butcher, 1985; Fox & Weisberg, 2011; Grayson et al., 1997; Jencso et al.,
2009; McNamara et al., 2005; Troch et al., 2003; Western et al., 1998; Western et al., 1999), establishing topo-
graphy as a key factor that drives catchment function. However, catchment‐scale variability in the climatic
water balance and hillslope scale hydrologic and atmospheric processes are rarely combined to understand
the nested scales of inﬂuence leading to vapor pressure, soil moisture, and subsurface ﬂow dynamics
across catchments.
Here we bridge this knowledge gap by evaluating site hydrometeorology at different hillslope positions
across six zero‐order catchments spanning a large gradient in the climatic water balance. Our goal was to
understand how the superposition (deﬁned here as the spatial alignment; Williams et al., 2009) of the cli-
matic water balance and hillslope scale topography lead to the spatial and temporal patterns of catchment
moisture states. Further, we sought to quantify how the spatial organization of soil moisture and atmo-
spheric demand impact the duration of SSF response across all catchments. Finally, we estimate potential
changes in catchment‐scale SSF response due to climate change.
2. Study Area
The North Fork Elk Creek (NFEC) catchment is a 17.9‐km2 headwater basin of the Columbia River that is
located within the Garnet Mountain Range of Western Montana (Figure 1) at the University of Montana's
Lubrecht Experimental Forest. Historical meteorological conditions have been recorded by two snow survey
and telemetry (SNOTEL) stations within the NFEC catchment (Figure 1, white triangles). Mean annual tem-
perature and precipitation for these two stations are 4.2 °C with 514 mm and 3.0 °C with 664 mm for the low
elevation (Lubrecht Flume station #604 at 1,426‐m elevation) and high elevation (N Frk Elk Creek station
#657 at 1,905‐m elevation) stations, respectively. The elevation range within the NFEC basin is 1,230–
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2,030 m, and the stream network within the basin trends east‐west. This stream network organization (E‐W)
has resulted in predominantly north and south facing hillsides on either side of the NFEC creek (Figure 1).
The NFEC is a snow‐melt dominated catchment that stores ~46% of annual precipitation as snow at high
elevations. This winter storage of precipitation causes distinct seasonality in moisture across the catchment.
The NFEC is at its wettest state during and directly after snowmelt in April–May, becomes progressively
drier throughout the summer (May–July), and is at its driest state in August. NFEC then becomes progres-
sively wetter as fall rains become more abundant in September–October, after which the snowpack begins
to accumulate.
Figure 1. Map showing the location of the North Fork Elk Creek catchment within Montana, the climatic water deﬁcit (CWD = potential evapotranspira-
tion − actual evapotranspiration) across the North Fork Elk Creek catchment and delineated boundaries of each study catchment. Generally, the climatic water
deﬁcit decreases with increasing elevation and decreasing solar radiation. Call out plots show a map of the topographic wetness index for each study catchment
and the locations of each sensor network (vapor pressure deﬁcit, volumetric water content, and shallow subsurface ﬂow measurements). The white circles,
squares, and triangles represent hollow, sideslope, and upslope hillslope positions respectively. The dashed boxes show regions represented by call out plots. The
location of SNOTEL sites within the catchment are shown by white diamonds.
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The underlying lithology of the NFEC is primarily Quartz Monzonite with small portions of the periphery
along the northern catchment divide consisting of Mesoproterozoic metasedimentary mudstones and sand-
stones (Belt Supergroup). Soils are primarily well‐drained silty loams (National Cooperative Soil Survey, U.S.
Department of Agriculture, 2001). Soil depths generally vary as a function of hillslope position (med-
ian ± interquartile range for hollows and near stream zones: 1.34 m ± 0.55; sideslopes: 1.04 ± 0.42), based
on 51 shallow soil well depths (Data Set S1 in the supporting information). Three coniferous tree species,
Pseudotsugamenziesii (Douglas ﬁr), Pinus ponderosa (ponderosa pine), and Larix occidentalis (western larch)
account for ~ 80% of stems in the Lubrecht Experimental Forest (Rowell et al., 2009). The other 20% of stems
are generally composed of Pinus contorta (lodgepole pine), Abies lasiocarpa (subalpine ﬁr), and Picea engel-
mannii (Engelmann spruce).
3. Methods
3.1. General Study Design
We selected six zero‐order catchments across the NFEC that capture the variability of hillslope positions
and climatic water balance conditions within the basin (Figure 1). Each catchment was instrumented
with nine sensor stations, consisting of three ridge, sideslope, and hollow hillslope positions along down-
slope hydrologic ﬂow paths (Figure 1). Thus, there were a total of 54 stations across the catchment (three
stations were excluded from the analysis due to destruction by bears). Each sensor network consisted of
instruments recording local hydrometeorological conditions (volumetric soil water content and vapor
pressure deﬁcit [VPD]) and shallow groundwater wells that recorded the timing and duration of satura-
tion, which is assumed to reﬂect the occurrence of SSF. For this analysis, we used a 6‐month period of
observation from 1 April to 30 September, which represents the transition from wettest to driest condi-
tions across the catchment. Variables and symbols used throughout the manuscript are deﬁned in
Table 1.
3.2. Quantiﬁcation of Hydrometeorological Conditions
Each hydrometeorological station within the NFEC catchment (Figure 1) was outﬁtted with two relative
humidity (RH) and temperature (T) sensors (Aosong DHT22) and two capacitance‐based volumetric
water content probes (Decagon 5TE). RH and T sensors were installed in solar radiation and precipitation
shields at 15 and 200 cm above the ground surface. The volumetric water content probes were installed at
5‐ and 50‐cm depths below the soil surface (θ5cm and θ50cm; m
3 m−3 Figure 2). These sensors were con-
nected to a custom built, printed circuit board‐data logger that was powered by a 12v 4 Ah battery and
charged by a solar panel and a voltage regulator (SunGaurd 4.5A 12v Solar Charge Controller). Data were
recorded every 30 min. Above ground atmospheric demand for moisture was represented by the
VPD (kPa):
VPD ¼ et− et*RH100
 
Table 1
Descriptions of Variables and Symbology Used in the Manuscript
Variable Units Description
VPDmean kPa Average vapor pressure deﬁcit calculated using probes at 15 and 200 cm
above the ground surface
VPD kPa Time‐averaged vapor pressure deﬁcit calculated from the VPDmean time series
θ5cm m
3 m−3 Volumetric water content at 5‐cm depth
θ50cm m
3 m−3 Volumetric water content at 50‐cm depth
θmean m
3 m−3 Average volumetric water content between probes at 5‐ and 50‐cm depth
θ m3 m−3 Time‐averaged volumetric water content calculated from the θmean time series
HDI kPa The hydrometeorological dryness index calculated from the ratio of VPDmean and θmean
HDI kPa Time‐averaged hydrometeorological dryness index calculated from the HDI time seriesbP SSFð Þ t t−1 Proportion of time that shallow subsurface ﬂow was present at a given well location
P (SSF|HDI) NA Probability of observing shallow sub surface ﬂow (SSF) given the time averaged
hydrometeorological dryness index value (HDI) of a site
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where et is the saturation vapor pressure and RH is the relative humidity in percent. The saturation vapor
pressure was calculated according to Tetens (1930):
et ¼ 0:6108* exp 17:27*TT þ 237:3ð Þ
 
where T is the temperature. The mean VPD (VPDmean; Figure 2) was subsequently calculated by averaging
the recorded VPD at 15 and 200 cm for each sensor network location and time step (30 min).
We calculated volumetric water content from dielectric permittivity following Topp et al. (1980) using the
manufacturer's suggested equation. This paired soil moisture probe design contributed to a more accurate
representation of the soil moisture conditions throughout the soil proﬁle. For each station, the mean volu-
metric water content (θmean) was calculated by averaging θ5cm and θ50cm for each sensor location and time
step (30 min).
In addition to the hydrometeorological stations described above, we installed shallow groundwater wells at
each sensor network location (Figure 1). These wells were used to assess how spatial patterns of site hydro-
meteorology contributed to SSF dynamics. Wells were installed with a solid steel rod, inserted into the
screened PVC casing, and driven to refusal, which is assumed to be at the bedrock‐soil interface. Wells con-
sisted of 3.8‐cm diameter PVC pipe screened across the entire depth. At the surface, all wells were sealed
with a bentonite slurry. Water levels were measured every hour across the well network using either
TruTrack Inc. capacitance rods or Solinst pressure transducers (Levelogger model 3001).
Figure 2. Plots representing data collected in the North Fork Elk Creek from 1 April to 30 September of 2016 separated by hillslope position (hollow, sideslope, and
upslope). Each panel represents precipitation, mean vapor pressure deﬁcit from probes at 15 cm and 200 cm above the surface (VPDmean; kPa), soil moisture at
5‐ and 50‐cm depths (θ5cm, θ50cm respectively, m
3 m−3), the hydrometeorological dryness index (HDI; kPa), and water table depth below ground (m) for each
sensor station. Each time series is color coded by the mean monthly climatic water deﬁcit of a site.
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For each well we calculated the proportion of observations where saturation, and thus SSF, occurred (bP SSFð Þ
) to inform a model describing the probability of SSF for a given sensor network location. The proportion of
observations where SSF occurred for each well was estimated as
bP SSFð Þ ¼ ObservationsWW
ObservationsTotal
 
where ObservationsWW represents the number of observations where water was present in the well and
ObservationsTotal represents the total number of observations recorded between 1 April and 30 September.
We also characterized hourly precipitation using data from the Lubrecht Flume SNOTEL (604), which
was subsequently summed for each day to calculate daily precipitation amount.
3.3. Hydrometeorological Dryness Index
To describe the combined hydrometeorological conditions in the near‐surface atmosphere and soil, we cal-
culated the hydrometeorological dryness index (HDI; kPa) following Martin et al. (2017). We used the HDI
because it integrates both above and below ground moisture conditions, representing the moisture supply
and demand at a site. The HDI also serves as a simple proxy for the driving force of water ﬂow across the
soil‐plant‐atmosphere continuum (Martin et al., 2017; Sperry et al., 2003), although it is not our intent to
model the moisture ﬂux across this gradient. HDI was calculated as:
HDI ¼ VPDmean
θmean
where the VPDmean is the mean VPD (of the paired VPD probes at each site) and θmean is the mean volu-
metric water content (of the paired soil moisture probes at each site) for each recorded time step.
Therefore, for each sensor network location we computed half hourly time series of the HDI (Figure 2).
For each sensor location we calculated the time‐averaged mean volumetric water content (θ), VPD (VPD),
and HDI (HDI) for the season as a whole (seasonal average; 1 April to 30 September), and for each month
individually. θ and VPD represent the average moisture storage and demand of the site respectively. HDI
represents the average hydrometeorological conditions for a given location. Low values of HDI indicate
wet conditions, which arise when atmospheric demand (VPD) is small and soil moisture content (θ) is high.
Alternatively, large values of HDI represent dry conditions, which arise when atmospheric demand is large
and when soil moisture content is low.
3.4. Quantiﬁcation of Catchment Topography
We selected the topographic wetness index (TWI) to characterize the topographic inﬂuence on soil moisture
across the NFEC. The TWI accounts for two topographic controls on water movement; the speciﬁc drainage
area contributing to a hillslope position and the local slope (Beven & Kirkby, 1979). The TWI was derived as
a similarity index to describe shallow soil moisture and groundwater levels (Beven & Kirkby, 1979; Detty &
McGuire, 2010; Grayson et al., 1997; Jencso et al., 2009; Rinderer et al., 2014; Seibert et al., 2003; Western
et al., 1999) but has also been correlated with ecological processes such as forest carbon accumulation and
productivity (Hoylman et al., 2018; Swetnam et al., 2017).
To calculate the TWI, we used a 1‐m2 digital elevation model (DEM) derived from light detection and
ranging acquisitions for the catchment that were obtained in June of 2005 (Horizons Inc., Rapid City,
South Dakota). DEM pixel sizes were resampled to 10‐m resolution in order to eliminate
microtopographic features, which are unlikely to inﬂuence subsurface redistribution and microclimatic
conditions (e.g., logs and surﬁcial boulders). Using the SAGA GIS platform (Conrad et al., 2015), the
TWI was calculated as
TWI ¼ ln α
tan βð Þ
 
where ɑ is the speciﬁc upslope accumulated area for a given point in the catchment and b is the local slope.
For the upslope area calculation we used the triangular multiple direction ﬂow algorithm (Seibert &
McGlynn, 2007).
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3.5. Gridded Water Balance Data
We characterized catchment‐scale climatically driven moisture and energy availability using a simple daily
soil water balance model, created at 8‐arc second (~250‐m) resolution and subsequently downscaled to 30 m
by thin plate spline regression (Nychka et al., 2017). This model is a highly simpliﬁed representation of cli-
matically driven water availability; it was not our intent to represent the precise magnitude of the water bal-
ance of the NFEC, rather we used this dynamic index to quantify relative differences in seasonal water
availability across the watershed. Due to the simplicity of this vertical water balance model, lateral ﬂow, bed-
rock leakage, or variability in vegetation cover are not considered in the water balance calculations. We
incorporate the effects of lateral ﬂow by using the TWI in conjunction with this water balance model.
These limitations certainly add error to the water balance model; however, we suggest that this approach
is a more accurate representation of climatic conditions compared to using static measures alone (such as
annual insolation and/or elevation grids).
In the model, the soil at each grid cell was treated as a single layer whose depth was deﬁned by a soil water
holding capacity extracted from the SSURGO database. Incoming precipitation was stored in the soil and
treated as saturation excess runoff when storage was exceeded. Vegetation was assumed to be a uniform
grass cover, and water loss from the soil (via evapotranspiration) was estimated using the Penman‐
Monteith formulation, following methods provided by the Food and Agriculture Organization (FAO;
Allen et al., 1998). Daily snowpack accumulation and melt were estimated using an empirical model driven
by daily temperature, radiation (corrected for cloud cover, slope, and aspect), and precipitation (Holden
et al., 2018). Inputs to the model included daily solar radiation and temperature (Holden et al., 2016), daily
minimum and maximum RH (Holden et al., 2018), daily 4‐km resolution precipitation (Abatzoglou, 2013),
and wind speed from the North American Regional Reanalysis (Mesinger et al., 2006). We generated daily
data for the NFEC for 2016, estimating potential evapotranspiration (PET), actual evapotranspiration
(AET), and the unmet demand, or the climatic water deﬁcit (CWD = PET‐AET) for each time step. Daily
CWD grids were then summed for each month to produce total cumulative monthly CWD grids at 250‐
m resolution.
3.5.1. Downscaling to 30‐m Resolution
We used a secondary downscaling approach to more ﬁnely resolve the elevation and insolation mediated
variations in the soil water balance. Using a 30‐mDEM to correct for terrain geometry (e.g., shading of direct
radiation by adjacent terrain and slope/aspect adjustment of radiation intensity), we calculated monthly
mean clear‐sky (cloud‐free) radiation from 1 April to 30 September using the SOLPET6 algorithm (Flint &
Childs, 1987; Flint & Flint, 2008). These grids were then combined to produce a monthly mean clear‐sky
radiation grid. This radiation and elevation data serve as a physical template for mapping the radiation
and elevation variability within the 250‐mCWD data. We then used thin plate spline regression, implemen-
ted in the R computing language with the library ﬁelds (R Core Team, 2017, Nychka et al., 2017), to estimate
the CWD for each month as a function of solar radiation and elevation. Here we extracted a sample of 1,000
CWD grid cells with their underlying elevation and radiation, ﬁt the regression, and then predicted the ﬁtted
model back to the 30‐m grids. The resulting 30‐m CWD maps retain the scale and spatial properties of the
original 250‐m data, but with additional topographic detail that is more closely aligned with the scale of
the TWI data.
3.6. Assessment of Site Hydrometeorology
To quantify the relative roles of landscape topography and the climatic water balance on the spatial
variability of hydrometeorology, we ﬁt generalized linear mixed models (GLMMs, lme4 R package;
Bates et al., 2014) to each response variable (θ, VPD, and HDI ) for the season and during individual
months. A GLMM framework was used for our modeling efforts to account for nonnormal data distribu-
tions and to account for random effects across study catchments (Bolker et al., 2009; McCulloch &
Neuhaus, 2001). For these response variables, each GLMM assumes a gamma distribution (bound by 0
and ∞), which utilizes a log link. In each GLMM we included a catchment identiﬁer which we used
as a random effect term (see call‐out maps in Figure 1, which show the six catchments) to account for
catchment speciﬁc variability, which was not driven by the ﬁxed effect variables (TWI, CWD, and an
interaction term [TWI:CWD]).
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We used these GLMMs to assess the explanatory power of the ﬁxed effect terms only (random effects were
not used in any prediction) on spatiotemporal patterns of θ,VPD, andHDI (Figure 3 and Table 2). We report
the population averaged model (only ﬁxed effects) for each response variable and time period in Table 2.
Similarly, for all predictions (such as in Figures 3, 5, and 6), we used only the model's ﬁxed effects. We used
the Akaike information criterion (AIC) to select the best model (i.e., which terms were included in each
model) to describe spatial patterns of each response variable (Venables & Ripley, 2002; Wagenmakers &
Farrell, 2004). For each ﬁxed effect term we conducted an analysis of deviance signiﬁcance test, presented
as p‐values, using a Type II (when no interaction terms were present) or Type III (when interaction terms
were present) Wald χ2 test (Table S1; car R package, Fox &Weisberg, 2011). After ﬁtting each model we cal-
culated the coefﬁcient of determination (R2) to assess the variance explained by the cumulative effect of the
ﬁxed effect model terms.
3.7. Assessment of SSF
In a similar fashion to the models described above, we quantiﬁed the relationship between seasonal average
moisture conditions of a site (θ, VPD, andHDI as predictor variables) and the seasonal probability of satura-
tion (bP SSFð Þ) using three independent GLMMs. This allowed us to evaluate how site moisture state (either
volumetric water content, VPD, or the combined hydrometeorological conditions) affected the probability of
observing a shallow groundwater table, and thus subsurface ﬂow. All three of these GLMMs assumed a bino-
mial distribution and utilized a logit link, appropriate for modeling probability using proportions of grouped
observations where groups represent observations from a single well time series. In the GLMMs we included
a catchment identiﬁer, which was considered a random effect term to account for catchment speciﬁc varia-
tion in subsurface ﬂow dynamics (such as differences in bedrock percolation). The GLMMs considered θ,
VPD, and HDI for each site as a ﬁxed effect to represent the universal inﬂuence of site moisture state and
hydrometeorology on subsurface ﬂow dynamics. This allowed us to approximate the population average
probability of SSF with respect to the ﬁxed effect terms (i.e., P [SSF|HDI ] for example). The general form
Figure 3. Generalized linear mixed model predicted mean hydrometeorological dryness index (HDI; ratio of vapor pressure deﬁcit and volumetric soil water con-
tent) and the observed HDI values for each sensor location and time period. Conditions become progressively wetter (lower HDI) in increasingly convergent hill-
slope positions (larger topographic wetness indexes [TWIs]) and as the climatic water deﬁcit (CWD) decreases. The wettest conditions occur where convergent
terrain and low climatic water deﬁcits align. The time period considered (seasonal and monthly) and variables selected for each model are shown in the top left
corner of each plot. Colors represent the monthly climatic water deﬁcit at the sensor location for the time period considered, and symbol shape represents the
hillslope position for each sensor location. R2 values were calculated using observed and predicted HDI values.
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of each GLMM described above is presented in the Supporting
Information Document S1 (equations (S1) and (S2)).
3.8. Out‐of‐Sample Model Validation
We evaluated the out‐of‐sample predictive power and coefﬁcient stability
of each model used for spatial prediction using a Monte Carlo cross‐
validation approach. Here we randomly selected 60% of the data set to
train a model and used the remaining 40% to test the model. We ran the
Monte Carlo cross‐validation simulation 2600 times. For each iteration,
we reﬁt the GLMM to the training data set, used the estimated ﬁxed effect
coefﬁcients to estimate the values of the testing data set, and subsequently
calculated the predictive power (R2) for each model. We also stored each
model's ﬁxed effect coefﬁcient estimates to evaluate the coefﬁcient stabi-
lity of the model.
3.9. Catchment‐Scale Hydrometeorology and SSF
We calculated spatial estimates of the hydrometeorological conditions
across the NFEC using the seasonal population average models for HDI
and P (SSF|HDI). The HDI model used gridded data sets of TWI and the
CWD as input data sets to approximate the spatial distribution of hydro-
meteorological conditions across the basin. The resultant HDI grid was
then used as an input data set to calculate the spatial distribution of SSF
probability given HDI (i.e., P [SSF|HDI]).
To examine how values of HDI and P (SSF|HDI ) varied within discrete
zones of the climatic water balance, we separated the NFEC catchment
into three regions with equal areas (high, moderate, and low CWD ter-
tiles), as determined by the seasonal mean monthly CWD for April–
September 2016 (Figure 1). Generally, regions of high CWD (>61.8 mm;
Figure 1, red lines) were located at low elevations along southerly aspects,
whereas regions of low CWD (<52.9 mm; Figure 1, blue lines) were
located at high elevations along northerly aspects. All other spatial regions
are considered moderate CWD regions (61.8–52.9 mm; Figure 1, green
lines). For each spatial prediction and each climatic water balance region,
we generated empirical cumulative distribution functions (CDF) to evaluate the general behavior ofHDI and
P (SSF|HDI) values with respect to the climatic water balance.
3.10. Potential Climate Change Impacts on SSF
We approximated potential changes in SSF in the NFEC due to climate change by estimating the spatial dis-
tribution of SSF undermore arid climatic conditions.We accomplished this by applying a 15% increase to the
observed CWD distribution for the NFEC. This increase represents a reasonable, albeit very simple, approx-
imation for CWD conditions in the midcentury (2040–2060; see Anderegg et al., 2015). We then applied the
seasonal average HDI model to the new CWD grid to obtain an estimate of the HDI conditions for the mid-
century. Next we calculated the change in SSF as a function of the newHDI grid (ΔP [SSF|HDI]) by subtract-
ing the current SSF estimates from the SSF estimates from the 15% CWD increase scenario. While this is a
reasonable approximation of potential changes to CWD due to climate change, linear extrapolation such
as this does not incorporate nonlinear and asymptotic behaviors in future CWD conditions; there is uncer-
tainty in this estimate.
4. Results
4.1. Topographic and CWD Impacts on Local Hydrometeorology
The TWI and CWD were selected as signiﬁcant predictors of θ (Table 2) for each time period (seasonal aver-
age and individual months). The TWI and the CWD were also selected to model VPD for each time period,
except for April and June (where no predictors were selected, for example, AIC was lowest with only the
Table 2
Time‐Averaged Volumetric Water Content ( θ ; m3 m−3), Vapor Pressure
Deﬁcit (VPD ; kPa), and Hydrometeorological Dryness Index (HDI ; kPa)
Generalized Linear Mixed Model (GLMM) Fixed Effect Coefﬁcients and R2
for Each Time Period Considered
Variable Time period Intercept TWI CWD
TWI:
CWD R2
θ
Seasonal
Average
−0.810 0.091 −0.028 NA 0.416
April −1.904 0.076 −0.030 NA 0.466
May −1.548 0.073 −0.022 NA 0.428
June −0.524 0.084 −0.026 NA 0.377
July 0.596 0.095 −0.033 NA 0.375
August 1.810 0.101 −0.041 NA 0.377
September −0.947 0.114 −0.042 NA 0.354
VPD
Seasonal
Average
−1.025 −0.032 0.017 NA 0.375
April −1.265 NA NA NA NA
May −1.754 0.042 0.044 −0.003 0.463
June 0.030 NA NA NA NA
July −1.181 −0.027 0.015 NA 0.300
August 1.037 −0.512 −0.007 0.004 0.552
September −0.589 −0.254 0.003 0.004 0.351
HDI
Seasonal
Average
−0.234 −0.117 0.048 NA 0.672
April −0.027 −0.045 0.185 −0.007 0.553
May −0.592 0.039 0.084 −0.005 0.667
June −1.745 0.136 0.061 −0.003 0.552
July −1.594 −0.113 0.046 NA 0.618
August −3.901 −0.116 0.063 NA 0.688
September −1.496 −0.124 0.082 NA 0.534
Note. Each GLMM assumes a gamma distribution with a log link func-
tion. All coefﬁcients are reported in log space. NA, not available.
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intercept term; Table 2). Similar to θ, the TWI and the CWDwere selected
to modelHDI (Table 2 and Figure 3) for every time period. An interaction
term between TWI and the CWD (TWI:CWD) was also selected as an
important predictor for May, August, and September for the monthly
VPD GLMMs and the April, May, and June HDI GLMMs (Table 2). This
multiplicative interaction describes a differential effect of TWI on VPD
and HDI as a function of the CWD.
Generally, as values of TWI increased (transitioning from ridgelines and
planar slope positions to convergent hillslope positions),θ increased while
the VPD and HDI decreased. As the CWD became less arid (transitioning
from low elevation south aspects to high elevation north aspects),θ tended
to increase while VPD and HDI tended to decrease. The wettest locations
(largest θ and smallestVPD andHDI) occurred where convergent hillslope
positions and locations of low CWD (high elevation and north aspect)
were aligned in space. Further investigation to the behavior of the HDI
seasonal average model revealed that the difference in HDI between hol-
low and upslope hillslope positions increased as the CWD became more
arid (discussed further below, see Figure 7a for reference).
4.2. Hydrometeorological Conditions and SSF
Qualitative evaluation ofHDI at each site and the magnitude of precipita-
tion (mm/day) revealed differences in the amount of precipitation
required to initiate and sustain SSF (Figure 4). Large precipitation events
(20 mm/day) in mid‐July and mid‐August were sufﬁcient to cause SSF in almost all of the wells in the catch-
ment, even those in dry HDI locations (Figure 4, dark red lines). However, SSF in these dry HDI locations
tended to be highly transient and occurred for short durations (i.e., hours to days). Conversely, in locations
with moderateHDI (such as Figure 4, green lines), SSF occurred during relatively small precipitation events
and was sustained for long durations (i.e., days to weeks). In locations of particularly wetHDI (Figure 4, blue
lines), SSF persisted for the duration of the study period.
We quantiﬁed the relationship betweenHDI and bP SSFð Þ using a binomial GLMM (Figure 5 regression line,
intercept = 6.948, ﬁxed effectHDI coefﬁcient =−1.505, both in logit space). The R2 value for this relationship
was 0.64, and the p‐value of theHDI coefﬁcient was <0.05 using a Type II Wald χ2 test. We also evaluated the
relationships between θ and VPD on seasonal bP SSFð Þ independently, but theHDI model preformed the best
(AIC was 56239.3, 78778.2, and 118274.5 for models using HDI , θ, and VPD respectively).
We used the signiﬁcant relationship between HDI and bP SSFð Þ to estimate the space and time variability of
SSF across the larger NFEC catchment. In general, hillslope hollows (Figure 5, circles) had longer durations
of SSF than sideslope and upslope positions (Figure 5, squares and triangles respectively). Similar to theHDI,
the superposition of topography and the climatic water balance determined the spatial and temporal occur-
rence of SSF across the NFEC. P (SSF|HDI) values were close to 0 in zones of high CWD (Figure 5, red and
orange symbols), even in areas with very large TWI values (e.g., large drainage areas with low local slope,
Figure 5, red circles). As the CWD decreased and climatic water balance conditions becamewetter (e.g., high
elevation and northerly aspects), the duration of SSF increased. Long periods of SSF occurred within hollow
hillslope positions with large contributing areas (Figure 5, blue circles), as well as along steep sideslope and
upslope positions with very small contributing areas (Figure 5, blue triangles and squares) when the catch-
ment was positioned in regions of low CWD (high elevation and northerly aspect).
4.3. Assessment of Predictive Power
Both theHDI and P (SSF |HDI) models performed well when predicting out‐of‐sample testing data sets. The
median ± interquartile range of the prediction R2 of the 2,600 runs was 0.66 ± 0.15 for the HDI model and
0.61 ± 0.23 for the P (SSF|HDI) model (Figure S1). The median ± interquartile range of the TWI and CWD
Figure 4. Binary plot showing the observed seasonal time averaged hydro-
meteorological dryness index (HDI) value and the period of shallow sub-
surface ﬂow for each well across the North Fork Elk Creek catchment. The
colored lines represent periods of saturation, assumed to be shallow sub-
surface ﬂow, in each well with respect to the HDI for that location (colors
also represent the HDI value). A hyetograph representing a time series of
rainfall at the Lubrecht Flume SNOTEL (#604) is presented on the inverted y
axis. Generally, locations with wet hydrometeorological conditions (low
HDI) had persistent shallow subsurface ﬂow, while more arid locations
(high HDI) exhibited transient shallow subsurface ﬂow dynamics when
sufﬁcient precipitation occurred.
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estimates were−0.118 ± 0.021 and 0.047 ± 0.011, respectively, for theHDImodel (which were very similar to
the estimates obtained when ﬁtting the model with the entire data set; Figure 3 and Table 2). The
median ± interquartile range of the HDI model estimates for the P (SSF|HDI ) model was −1.65 ± 0.64
(which were also very similar to the estimates obtained when ﬁtting the model with the entire data set;
Figure 5). This result indicates that both models that were ultimately used to predict the catchment scale
patterns of HDI and P (SSF|HDI) were reasonable models for spatial analysis. However, the validation of
these models was constrained to the conditions observed across the six study catchments and therefore
uncertainty beyond these conditions is larger.
4.4. Catchment‐Scale Estimates of Hydrometeorology and Saturation
We evaluated CDFs for catchment scale estimates ofHDI and P (SSF|HDI) across discrete zones of the CWD.
The CDF curves forHDI (Figure 6a) emphasized that the spatial variability ofHDI was related to the CWD
(e.g., larger tails of the CDF are found in drier climatic water balance regions indicating greater spatial varia-
bility). We also observed that the CWD shifted theHDI values toward wetter or drier conditions, which was
expected given the CWD model coefﬁcients (Table 2). It is important to note that slight differences in the
TWI and CWD distributions for each climatic water balance tertile contributed to the variability in the
CDF distribution for HDI . About 50% of the catchment area had HDI < 9.81, 6.79, and 4.60 kPa for high,
moderate, and low CWDs, respectively.
CDFs of (P [SSF|HDI ]; Figure 6b) for each climatic water balance tertile illustrate the dramatic effect the
CWD has on the occurrence of SSF in the NFEC. In high CWD regions (Figure 6b, red line), very large drai-
nage areas with low slopes were required to initiate SSF; however, SSF was highly transient and occurred for
short durations. In zones of moderate CWD (Figure 6b, green line), hillslope positions with sufﬁciently large
drainage areas and low slopes (TWI) were more likely to sustain SSF. In locations of low CWD (Figure 6b,
blue line), saturation was likely across most hillslope positions, even far upslope and on ridgelines. For each
climatic water balance tertile, 50% of the catchment area had P (SSF|HDI) values of <0.001, 0.036, and 0.503
for high, moderate, and low CWDs, respectively.
To further investigate the behavior ofHDI as a function of the TWI and CWD, we interpolated the seasonal
average HDI model for a gradient of TWI values between 2.5 and 12.5 and across a range of CWD values
(Figure 7a). The TWI values represent hillslope‐scale topographic characteristics of zero‐order catchments,
while the CWD values represent observed and potential climatic water balance conditions for the NFEC
Figure 5. Plot showing the generalized linear mixed model used to quantify the relationship between the seasonal HDI
and the probability of shallow subsurface ﬂow (SSF) at each well location. Colors represent the mean monthly climatic
water deﬁcit, and symbols represent the hillslope position for each sensor location. Generally, locations with lower HDI
values have a higher probability of longer durations of shallow subsurface ﬂow response.
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(potential conditions assume a 15% increase). We also include the values of HDI where the probability of
SSF was 0.95, 0.50, and 0.05 (Figure 7a; P [SSF|HDI ], dashed lines). In general, the difference between
hollow and ridge hillslope positions (i.e., ΔHDI for TWI values of 2.5 and 12.5) is relatively large in high
CWD regions and becomes progressively smaller as the CWD decreased. Similarly, an equivalent change
in the observed CWD range (43.4–74.1 mm) caused HDI to vary
substantially for upslope and ridgeline hillslope positions (TWI = 2.5)
but caused relatively little change for more convergent hillslope
positions (TWI = 12.5).
Finally, using an approximation of the potential climate change impacts
on the CWD for the mid‐century (15% CWD increase, Figure 7a), we cal-
culated the predicted change in SSF for the NFEC (ΔP [SSF|HDI]; Figure 7
b). Generally, the largest changes in P (SSF|HDI ) occurred where low
CWD promoted SSF along upslope hillslope positions. Locations with
large drainage areas and low slopes had an attenuated response to
increases in the climatic aridity, and as a result, were characterized by
smaller reductions in P (SSF|HDI) than nearby upslope counterparts.
5. Discussion
Our results conﬁrm that the hydrometeorology of the NFEC catchment is
highly inﬂuenced by hillslope‐scale topographic convergence and diver-
gence and catchment‐scale gradients in the climatic water balance
(Figure 3). These ﬁndings suggest that the superposition of hillslope scale
topography and the climatic water balance need to be considered when
describing spatial and temporal patterns of hydrometeorology within
complex terrain. We observed consistently wetter conditions in the sub-
surface and atmosphere in convergent hillslope positions across all study
catchments. Hydrometeorology varied signiﬁcantly along upslope hill-
slope positions across the CWD gradient in our 17.9‐km2 catchment; from
relatively wet in locations with low CWD to relatively dry in locations
with high CWD (Figure 7a). This effect was also important for hillslope
hollows; however, the magnitude of change was signiﬁcantly smaller
Figure 7. (a) Generalized linear mixed model estimates of mean seasonal
hydrometeorological dryness index (HDI) as a function of the topographic
wetness index (TWI; color ramp) and the mean monthly climatic water
deﬁcit (CWD). The dashed lines represent the HDI values that correspond
with 5, 50, and 95% shallow subsurface ﬂow probabilities. (b) Map showing
the change in shallow subsurface ﬂow probability (ΔP [SSF|HDI]) given a
15% increase in the observed climatic water deﬁcit.
Figure 6. Cumulative distribution functions (CDFs) and spatial estimates of the (a and c) mean seasonal hydrometeoro-
logical dryness index (HDI) and the (b and d) probability of shallow subsurface ﬂow (P [SSF|HDI]) for the North Fork Elk
Creek catchment. The line colors on each CDF plot represent pixels falling within each tertile of the deﬁcit (>61.8 mm,
61.8–52.9 mm, and <52.9 mm are red, green, and blue respectively).
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(Figure 7a). This result demonstrates the nested scales of inﬂuence and the relative effect of hydrologic redis-
tribution and the climatic water balance that determine the dynamic organization of moisture across
a catchment.
The superposition of the climatic water balance and topography had a particularly signiﬁcant effect on the
spatial patterns of SSF in the NFEC. Catchment positions with large drainage areas and low local slopes
located within areas of large CWDs (i.e., catchments at low elevation and southerly facing) were character-
ized by short and highly transient saturation events, if saturation occurred at all (Figures 4 and 5).
Conversely, when catchments were located in areas with small CWDs (i.e., catchments at high elevation
and northerly facing slopes) saturation events occurred frequently and for longer durations across all hill-
slope positions, even far upslope from the convergent hollow (~70‐m upslope from the adjacent hollow).
Our results suggest that characterizing vapor pressure, soil moisture, and SSF along gradients of topography
and the climatic water balance is critical for scaling and transferring process understanding of subsurface
ﬂow dynamics across catchments.
5.1. Spatiotemporal Patterns of Soil Moisture
We observed signiﬁcant spatial organization of soil moisture across the NFEC catchment, which was
relatively consistent through time (Table 2). The relative magnitude of soil moisture for a catchment as
a whole (intercatchment) was driven by catchment‐scale gradients in the climatic water balance, while
the moisture of each site (intracatchment) was highly inﬂuenced by hillslope‐scale convergence and
divergence (Figure 2). This reﬂects the hierarchical controls on soil moisture, which originate from the
climatic water (and energy) balance and are subsequently altered by hydrologic and atmospheric
processes operating across zones of hillslope topographic convergence and divergence (represented by
the TWI).
The intercatchment patterns of soil moisture related to the CWD in the NFEC provide further evidence of
the strong inﬂuence of the climatic water balance on spatial patterns of soil moisture (Table 2). Our results
align with Langston et al. (2015), who showed that snowmelt dynamics on north versus south facing slopes
produced higher sustained soil moisture on north facing slopes (lower CWD than southerly facing slopes)
despite similar snowpacks. Williams et al. (2009) also showed the important inﬂuence of aspect and slope
on soil moisture patterns in a snow‐dominated semiarid watershed in Idaho.
The topographic controls on moisture patterns for our study were more persistent and spatially organized
than those described in several other studies (e.g., Burt & Butcher, 1985; Grayson et al., 1997; McNamara
et al., 2005). This result is in contrast to the preferential states hypothesis of Grayson et al. (1997), which
posits that soil moisture patterns are organized along hillslope topographic gradients (drainage lines) only
when SSF processes are active; during the wet portion of the season. We observed greater volumetric water
contents in convergent positions along hillslope drainage lines (spatially organized along the TWI) even in
sites where SSF was almost entirely absent throughout the season (Table 2). This may reﬂect enhanced soil
moisture due to the downslope movement of water in the unsaturated zone or the cumulative effect of
microclimates on soil moisture (such as reduced VPDs, reduced wind speeds, reduced radiation exposure,
and therefore smaller evaporative ﬂuxes) in convergent zones.
In a forested catchment inMaryland, Tenenbaum et al. (2006) observed strong and temporally persistent soil
moisture along convergent hillslope topography under both wet and dry moisture conditions. Our results
support this ﬁnding and indicate strong intracatchment‐ and intercatchment‐scale patterns in soil moisture
regardless of moisture state, even during the driest time periods. These results support research describing
temporal stability of soil moisture patterns (Gómez‐Plaza et al., 2000; Grant et al., 2004; Kachanoski &
Jong, 1988; Mohanty & Skaggs, 2001; Tenenbaum et al., 2006), although we demonstrate that the relative
volumetric water content across catchments varies as a function of the climatic water balance. While some
of this stability in moisture may be attributed to soil properties (i.e., Grant et al., 2004; Lin, 2006), our results
suggest that the topographic organization of microclimate (VPD; Western et al., 2004) in conjunction with
the occurrence of SSF (similar to mechanisms attributed to the wet state spatial organization in Grayson
et al., 1997) are both important. We suggest that the degree and temporal consistency of observed topo-
graphic organization of soil moisture highly depends on the scale of observation (e.g., plot, hillslope or catch-
ment scale) and the density of observations across sites (Tenenbaum et al., 2006).
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Our CWD approach did not account for potential differences in transpiration rates that are a signiﬁcant com-
ponent of the water balance in NFEC due to the variation in density, species, and phenology of vegetation
along hillslope ﬂow paths (Looker et al., 2018). Root water uptake associated with the spatial distribution
of vegetation inﬂuences soil moisture (Renner et al., 2016) and the expansion and contraction of active
catchment contributing areas (Nippgen et al., 2015). Hoylman et al. (2018) reported greater total forest bio-
mass and longer periods of vegetation greenness (a proxy for photosynthetic activity) in convergent hillslope
positions in the NFEC. Greater photosynthetic activity in convergent hillslope positions promotes greater
rates of transpiration (Hawthorne &Miniat, 2018), and ultimately causes reductions in soil moisture in con-
vergent positions. These considerations would contribute to unexplained variance in our HDI model and
uncertainty in our CWD model. However, we hypothesize that the upslope subsidies of moisture via SSF
pathways and the microclimate of convergent hillslope positions is sufﬁcient to offset large transpiration‐
related moisture reductions in convergent hillslope positions relative to sideslope and ridgeline positions.
5.2. Spatiotemporal Patterns of Vapor Pressure Deﬁcits
We observed considerable organization of atmospheric vapor pressure across the NFEC catchment (Table 2)
that was similar to the subsurface moisture patterns, although spatial correlations were slightly weaker than
for soil moisture (seasonal θ R2 = 0.42; seasonal VPD R2 = 0.38; Table 2). Atmospheric VPDs tended to
become smaller in convergent locations with high TWI values, as well as in regions with wet climatic water
balance conditions (lower CWD). This organization is representative of the mutual interactions between soil
moisture and atmospheric vapor that determine the partitioning of latent and sensible heat ﬂuxes
(Entekhabi et al., 1996; Gu et al., 2006), as well as topographic controls on atmospheric turbulence via topo-
graphic deﬂection of wind (Ruel et al., 1998). Reductions in wind speed in convergent hillslope positions
decrease the potential for the near‐surface atmosphere to redistribute moist air parcels to the bulk air above
the canopy, increasing the RH. There is also likely a biotic component, such that vegetation canmodify wind
speeds and solar radiation below canopies (Campbell & Norman, 2012; Chen et al., 1999; De Frenne et al.,
2013), inﬂuencing the temperature, water holding capacity, and evaporative ﬂux of the near‐surface atmo-
sphere (Royer et al., 2012). The combined effect of vegetative and topographic deﬂection of wind, radiation
sheltering by conifer canopies, and increasedmoisture content of the soil all likely contribute to the observed
organization of VPD across gradients in the TWI.
5.3. Patterns of Hydrometeorology
We combined a measure of atmospheric demand (VPD) and soil moisture (θ) into a simple index (HDI;
Martin et al., 2017) in order to better describe the hydrometeorological conditions of the near‐surface atmo-
sphere and soil. In semiarid forests, VPD affects rates of soil water evaporation and therefore soil moisture
contents in the top 5 cm of the soil zone (Raz‐Yaseef et al., 2012). Soil moisture content inﬂuences the matric
potential of the soil surface, affecting inﬁltration and percolation of precipitation into the soil column
(Campbell & Norman, 2012). This atmospheric inﬂuence would not be captured by soil moisture probes
positioned in the shallow soil column (such as 5 cm below the O/A horizon), especially when organic litter
is present above the mineral soil. By combining the atmospheric demand with soil moisture we suggest that
a better representation of near‐surface hydrometeorological moisture availability is obtained.
Similar to our ﬁndings of the spatiotemporal organization of soil moisture across the NFEC, we saw consid-
erable temporal consistency in the spatial organization of local hydrometeorology (Table 2 and Figure 3).
Topographic controls on hydrometeorology have been observed before, with elevation imparting the pri-
mary control (Vivoni et al., 2007); our results highlight the strong inﬂuence of hillslope scale topography.
However, our research design was considerably different to previous studies, primarily due to the spatial
density of our network with a focus on both climatic controls (similar to those reported by Vivoni et al.,
2007) and hillslope scale topographic gradients. Our results in conjunction with the results of Vivoni et al.
(2007) provide evidence of the nested scales of inﬂuence on site hydrometeorology, controlled hierarchically
by climate, and topographically controlled hydrologic processes.
An intriguing result emerged from modeling HDI continuously across gradients in TWI and the CWD.
Speciﬁcally, the relative difference in hydrometeorology between sideslope and hollow hillslope positions
(ΔHDI; Figure 7a) varied based on the CWD. The greatest values of ΔHDI (13 kPa) for the observed CWD
range occurred in regions with the driest climatic water balance conditions (Figures 1; 3, red symbols; and
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7a), which was remarkably larger than that of the wettest climatic water balance regions (3.3 kPa). This key
result shows that hillslope‐scale topography becomes an increasingly important driver of variability in
hydrometeorology (e.g., the difference in hydrometeorology between hillslope positions within a
catchment is greater) as landscapes transition from relatively wet to relatively dry climatic water balance
conditions. This result can be extrapolated across time, suggesting that hillslope topography may
attenuate changes in hydrometeorological moisture availability as climate change increases aridity in
regions such as the Western U.S.
5.4. Hydrometeorology and Subsurface Flow
The antecedent moisture condition of a site is an important factor contributing to the occurrence of SSF in
steep catchments with well drained soils (Dunne & Black, 1970; Freeze, 1972; James & Roulet, 2009; Penna
et al., 2011; Sidle et al., 2000) because the amount of water needed (e.g., snowmelt or rainfall) to achieve
saturation, and therefore SSF, is conditional on the amount of moisture in the soil pore spaces prior to water
input. Although intuitive, this theoretical framework provides a powerful method to describe where SSF is
likely to occur in catchments with spatially variable moisture conditions due to topography and gradients in
the climatic water balance. Indeed, in the NFEC, the duration and probability of SSF was highly related to
the average moisture state of a site (Figures 4 and 5).
The hydrometeorological conditions of a site were more effective at describing the variability in the occur-
rence of SSF across the NFEC than subsurface (volumetric water content) or atmospheric (VPD) conditions
alone. This result suggests that incorporating both atmospheric and subsurface moisture conditions is
important to describe the hydrologic response of a catchment. Often the relationship between moisture con-
ditions and hillslope runoff are threshold driven (e.g., Penna et al., 2011), representing fundamental transi-
tions between capillary and gravity driven drainage processes (Maneta et al., 2008; Torres et al., 1998;
Weyman, 1973). We observed a clear transition between sites where saturation was absent or present, which
corresponded with the hydrometeorological gradient of the catchment (occurring betweenHDI values of 7–
4 kPa). This ﬁnding agrees with several studies that highlighted the dominant control of site moisture on
hillslope runoff dynamics (Castillo et al., 2003; Hrnčíř et al., 2010; Mosley, 1982; Penna et al., 2011;
Woods et al., 1997; Woods & Rowe, 1996) and suggests that active zones of SSF are highly sensitive to small
changes in vapor pressures and soil moisture.
Generally hillslope positions with large contributing areas and low slopes had a more frequent and persis-
tent occurrence of SSF than sideslope and upslope locations. However, describing the probability of SSF with
hillslope position alone does not capture the spatial complexity of this important hydrologic response at the
catchment scale. This is due to the strong contribution of the climatic water balance in determining the
hydrometeorological conditions of the site (Figures 3 and 7a and Table 2), and the large spatial variability
of climatic forcing across catchments (Thornthwaite, 1948). Large areas of sustained SSF were largely
restricted to zones of low CWD (Figures 5 and 6b and 6d). Based on our spatial predictions (Figure 6d),
we found that ~19% of the catchment had saturation probabilities greater than 0.5 (P [SSF|HDI )] > 0.5),
and ~79% of that proportion occurred in regions of CWD < 52.9 mm/month, such as high elevation north-
erly aspects. This suggests that the majority of streamﬂow generation via hillslope connectivity pathways
(see Jencso et al., 2009, McGuire & McDonnell, 2010, and Tromp‐van Meerveld et al., 2015, for information
on hillslope‐stream connectivity) occurs where the CWD is low. This has signiﬁcant implications for poten-
tial changes to the source areas of streamﬂow in semiarid headwater catchments due to the sensitivity of hill-
slope areas to changes in the CWD. For example, using this modeling framework and projections of future
changes to the climatic water balance (see Anderegg et al., 2015, for examples of CWD projections into 2100),
estimates of catchment‐scale streamﬂow generation resilience to climate change may be obtained (discussed
below).
5.5. Broader Implications
This study provides unique insights on the nested scales of inﬂuence of hydrologic processes across hillslopes
and larger catchments. We highlight that the superposition of the climatic water balance and hillslope topo-
graphy is critical to consider in order to understand hydrometeorology in complex terrain (Figure 7a). The
method employed in this study provides a transferable approach to estimate hydrometeorological conditions
across gradients of topographic complexity (i.e., catchments with highly dendritic morphology versus
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relatively low relief planar morphology) and contrasting climate. This simple approach is transferable due to
the quantiﬁcation of the dynamic climatic water balance (which incorporates the temporal and spatial het-
erogeneity in water and energy inputs), in conjunction with our detailed understanding of the role of topo-
graphy in mediating microclimate and moisture redistribution. We also provide a framework for
understanding the spatial occurrence of SSF due to the strong inﬂuence of hydrometeorology.
Understanding how source areas of streamﬂow may respond to climate change is a primary concern for
watershed managers and practitioners around the world. Estimating temporal changes to active sources
areas of stream ﬂow (Nippgen et al., 2015; Tague et al., 2009) represents a powerful method to evaluate
potential climate change impacts on catchment runoff. As an example, we applied a 15% increase to the
observed CWD (Figures 7a and 7b) in order to quantify potential climate change impacts on the spatial
extent of dominant streamﬂow source areas across the NFEC. While simple, this climate change estimate
is a reasonable and conservative approximation of potential changes in the water balance by the mid‐
century. Signiﬁcant reductions of SSF in the low CWD regions of the basin (e.g., high elevation and northerly
aspects), which exceeded a 50% reduction in some locations (Figure 7b, scaled between 0 and 1), suggest that
catchments in semiarid environments are extremely sensitive to changes in the climatic water balance.
However, locations with large, convergent drainage areas have more attenuated responses to climate
change, representing regions of hydrologic resistance for streamﬂow generation (Figures 7a and 7b).
Nevertheless, the large spatial reduction of areas with active SSF is likely to cause considerable reductions
in headwater discharge andmay have implications beyond SSF. For example, groundwater recharge in these
basins may be severely affected by these changes in soil moisture and SSF, greatly impacting vital ground-
water resources downslope.
This study also has implications for understanding ﬁne‐scale patterns in ecohydrology (Rodriguez‐Iturbe,
2000) and ecosystem sensitivity to climate change (Dobrowski, 2011). Fine spatial scale patterns of hydrome-
teorology are emerging as important drivers of variable conifer growth rates (Martin et al., 2017), due to the
strong inﬂuence of soil‐atmosphere moisture gradients on xylem water potentials and therefore intraannual
ecosystem productivity dynamics. Our results suggest that vegetation in convergent hillslope positions with
large drainage areas will have a greater capacity to buffer regional climate change due to the impact of micro-
climate and SSF (providing upslope hydrological subsidies to downslope positions) on moisture availability.
This result provides further physical evidence of the occurrence of spatial patterns of microrefugia in com-
plex terrain (Dobrowski, 2011; McLaughlin et al., 2017). While topographic patterns of vegetation structure
and productivity have been observed in many environments (Flores Cervantes et al., 2014; Hoylman et al.,
2018; Hwang et al., 2012; Ivanov et al., 2008; Swetnam et al., 2017), we provide direct, ﬁeld‐based evidence
of the atmospheric and subsurface processes likely to drive such patterns. Regions of microrefugia should be
protected to promote biological adaptation to climate (Morelli et al., 2016) and provide pathways of ecosys-
tem connectivity to assist in the natural migration of species to more favorable climatic locations (Krosby
et al., 2010).
6. Conclusions
Site hydrometeorology is determined by processes that operate across catchment to subhillslope spatial
scales. Within one semiarid catchment, we quantiﬁed these nested scales of inﬂuence, measuring hydrome-
teorology (soil moisture and VPDs) and shallow subsurface ﬂow dynamics across gradients of hillslope posi-
tion (intracatchment) and the climatic water balance continuum (intercatchment). We found strong
relationships linking these climatic and hydrologic processes, demonstrating the importance of the super-
position of the climatic water balance and complex topography on moisture availability. Intracatchment
topographic gradients (e.g., hillslope position) were especially important for determining site hydrome-
teorology when catchments were located within particularly arid portions of the climatic water balance
continuum (e.g., low elevation and southerly aspects). Conversely, intracatchment patterns became less
important in determining hydrometeorology when catchments were positioned in the hydric portion of
the climatic water balance continuum (e.g., high elevation and northerly aspects). We found that SSF
was almost entirely absent in the arid regions across the basin (even in areas with very large, convergent
drainage areas) but persistently occurred across both convergent and upslope positions (~70 m from the
adjacent hollow) in hydric regions of the catchment. Finally, we observed a strong spatial organization of
10.1029/2018WR023302Water Resources Research
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SSF as a function of local hydrometeorology, emphasizing the dominant role of moisture conditions in
driving hydrologic connectivity.
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